ABSTRACT: In all structurally characterized bacterial multicomponent monooxygenase (BMM) hydroxylase proteins, a series of hydrophobic cavities in the α-subunit trace a conserved path from the protein exterior to the carboxylate-bridged diiron active site. The present study examines these cavities as a potential route for dioxygen transport to the active site by crystallographic characterization of a xenon-pressurized sample of the hydroxylase component of phenol hydroxylase from Pseudomonas sp.
OX1. Computational analyses of the hydrophobic cavities in the hydroxylase α-subunits of phenol hydroxylase (PHH), toluene/o-xylene monooxygenase (ToMOH), and soluble methane monooxygenase (sMMOH) are also presented. The results, together with previous findings from crystallographic studies of xenon-pressurized sMMO hydroxylase, clearly identify the propensity for these cavities to bind hydrophobic gas molecules in the protein interior. This proposed functional role is supported by recent stopped flow kinetic studies of ToMOH variants . In addition to information about the Xe sites, the structure determination revealed significantly reduced regulatory protein binding to the hydroxylase in comparison to the previously reported structure of PHH, as well as the presence of a newly identified metal binding site in the α-subunit that adopts a linear coordination environment consistent with Cu(I), and a glycerol molecule bound to Fe1 in a fashion that is unique among hydrocarbon-diiron site adducts reported to date in BMM hydroxylase structures. Finally, a comparative analysis of the α-subunit structures of MMOH, ToMOH, and PHH details proposed routes for the other three BMM substrates, the hydrocarbon, electrons, and protons, comprising cavities, channels, hydrogen-bonding networks, and pores in the structures of their α-subunits.
KEYWORDS: phenol hydroxylase, X-ray crystallography, xenon, dioxygen, substrate transport BRIEFS: We report the 1.95-Å resolution X-ray crystal structure of the Xe-pressurized hydroxylase component of phenol hydroxylase, together with complementary computational analyses of Xeoccupied internal cavities in bacterial diiron hydroxylase systems.
Phenol hydroxylase (PH) from Pseudomonas sp. OX1 belongs to a class of carboxylate-bridged nonheme diiron proteins known as bacterial multicomponent monooxygenases (BMMs) that convert hydrocarbons to alcohols and epoxides in nature (1, 2) . These enzymes effect dioxygen activation and subsequent hydrocarbon substrate oxidation at diiron active sites located within hydrophobic pockets in the α-subunits of the 200-250 kDa heterodimeric, (αβγ) 2 , hydroxylase proteins (2) . The chemistry performed by BMMs endows their host bacteria with the ability to garner all of their carbon and energy needs from the oxidation of hydrocarbon substrates (3) . In addition to the hydroxylase, two or three accessory protein components participate in the process of substrate oxidation. A ~38 kDa Fe 2 S 2 reductase protein and a 10-15 kDa cofactorless regulatory protein comprise the universal accessory proteins in BMMs, and an additional ~10 kDa Rieske-type reductase assists in shuttling electrons to the hydroxylase in the four-component BMM systems (2) .
The hydroxylase protein components of soluble methane monooxygenase (sMMO) from
Methyolococcus capsulatus (Bath) (4) (5) (6) (7) (8) (9) (10) (11) and Methyolosinus trichosporium OB3b (12) (MMOH), toluene 4-monooxygenase (T4MO) from Pseudomonas mendocina KR1 (13) (T4MOH), and toluene/oxylene monooxygenase (ToMO) from Pseudomonas sp. OX1 (14, 15) (ToMOH) have been characterized by X-ray crystallography. In addition, hydroxylase-regulatory protein complexes have been crystallographically characterized from the PH (PHH-PHM) and T4MO (T4MOH-T4MOD) systems from Pseudomonas sp. OX1 (16) and Pseudomonas mendocina KR1 (13) , respectively. The diiron active site coordination and geometry, as well as the sequence and many of the relative orientations of surrounding residues, are highly maintained within the BMM family. They are also similar to those in other carboxylate-bridged diiron proteins including the functionally divergent enzymes ribonucleotide reductase R2 subunit (17) , ferritin (18) , and steroyl-acyl carrier protein Δ 9 -desaturase (19) . Reactivity toward hydrocarbons distinguishes the BMM class among diiron carboxylate enzymes by the structure of the protein scaffold and the nature of oxygenated active site intermediates generated during catalysis.
Catalytic hydrocarbon oxidation in BMMs requires four substrates, hydrocarbons, molecular oxygen, electrons, and protons in the form of H 3 O + cations, and yields two products, water and the hydroxylated or epoxidized hydrocarbon substrate (20) . Understanding the means by which the BMM hydroxylase scaffolds facilitate and control the movement of substrates and products to and from the diiron active site during catalysis, while simultaneously binding to and dissociating from the accessory proteins, is key in characterizing the mechanisms by which these systems operate. Structural and mechanistic studies of BMMs indicate that specific features and individual residues in the hydroxylase protein structures, which are often conserved in BMMs and diiron carboxylate proteins in general, function to transport substrate to the diiron centers in these systems (2, 20) . Such findings include hydrocarbon substrate-hydroxylase complex crystal structures of MMOH (7, 10, 11) and ToMOH (15) that reveal substrate or substrate analogs bound in their respective active sites and surface-linked pockets or channels in the protein interior. Similar results have been observed in Δ9D (19), the surface-to-active site channels in which are analogous to those in ToMOH (14, 15) and T4MOH (19) .
The diiron active sites in BMM hydroxylases are located in their α-subunits, approximately 12 Å below the protein surface adjacent to a hydrophobic pocket formed primarily by the iron-ligating fourhelix bundle ( Figure 1 ) (2). A neighboring space defines a structural pore region that separates the active site pocket from the protein exterior by only a few highly conserved residues on the surface of the α-subunit (2, 20) . The presence of this short pathway to the diiron center from the protein exterior was noted in early structures of MMOH (4, 5) , and later analyzed in more detail in product-bound structures of the hydroxylase (7). Nearly identical pore regions were subsequently observed in ToMOH (14) and T4MOH (13) . An analogous pathway was also observed in the first structure of PHH as completely solvent exposed in the absence of bound regulatory protein and occluded in the hydroxylase-regulatory protein complex (16) . In addition to these findings about the pore region, the size, conformation, and solvent accessibility of the active site pocket are known to undergo changes upon reduction of the active site metal ions (8, 9, 14) and in the presence of bound products and product analogs (7, 10) . Also common to the BMM hydroxylase structures is a series of hydrophobic cavities that extends from openings at the surface, approximately 35 Å away from the diiron center, and passes through the α-subunit to the active site pocket ( Figure 1 ) (21) . Similar to the pore region, the presence of these cavities and their potential role in substrate transport were first noted in structures of MMOH (4, 5, 7, 10, 11) , and analogous hydrophobic cavities were subsequently observed in structures of ToMOH (14) , PHH (16) , and T4MOH (13) . The pore and hydrophobic cavity pathways that are common to all structurally characterized BMM hydroxylases are indicated in Figure 1 in the context of the present XePHH structure. The conserved hydrogen-bonding network that represents a putative electron-transport pathway in BMMs (2, 15, 16, 20) is also depicted, along with the ten xenon atoms located in the α-subunit of XePHH. Note that the color scheme used in this figure is maintained throughout this article.
Structures of hydroxylases from the four-component systems ToMO (14, 15) and T4MO (13) have revealed the presence of a wide channel that provides an additional 35 Å route to the diiron center, delineating a pathway that differs from that defined by the hydrophobic cavities and which exposes the active site cavity to bulk solvent via an opening adjacent to the pore region. Crystallographic characterization of the hydroxylase-regulatory protein complex from the T4MO system reveals that this channel becomes inaccessible to small molecules upon complex formation with the regulatory protein (13) .
In the present study, we investigated the series of conserved hydrophobic cavities in the PH hydroxylase ( Figure 1 ) as a potential route for dioxygen transfer to the diiron center during catalysis.
The approach, which is complementary to our recent kinetic investigations of the O 2 transport pathway in variants of ToMOH (22), involved determination of the X-ray structure of a xenon-pressurized PHH crystal to test the through-cavities hypothesis for dioxygen transport in BMMs. Xenon is an ideal gas to use for probing dioxygen binding sites in protein crystallography, because it is quite similar to molecular oxygen in size, hydrophobicity, and polarizability (Table S1 ) (23) . Unlike molecular oxygen, however, xenon has fifty-four electrons, which render it highly visible in difference Fourier electron density maps. The results, together with comparative analyses of proposed substrate transport routes in PHH, MMOH, and ToMOH, from computational studies of BMM α-subunits using PyMOL (24) and CAVER (25) , provide new detail regarding the conservation and unique features of the individual pathways across the BMM family, and suggest specific roles for each one.
MATERIALS AND METHODS
General Considerations. PHH was expressed as described previously (1) . The iron content was measured by a FerroZine assay (26) and enzyme activity by a coupled colorimetric assay using catechol 2,3 dioxygenase as previously described (1) . The PHH sample for crystallization and subsequent Xe pressurization studies contained 3.6 Fe atoms/dimer and exhibited an enzymatic activity of 470 ± 40 mU mg -1 . The regulatory protein, PHM, was expressed and purified as described elsewhere (27) . Crystalline samples of PHH were shipped to Stanford Synchrotron Radiation Laboratory (SSRL) at ambient temperature in a tube containing 500 µL cryo solution. Many of these crystalline samples were individually subjected to xenon pressurization. At ambient temperature, single crystals were mounted on cryo loops that were subsequently placed in the gas pressurization cell (28) along with 500 µL of distilled water to prevent crystal dehydration. Samples were then pressurized with 2.1 x 10 6 Pa xenon gas for 2 to 15 min before the pressure was released and the crystals immediately frozen in liquid nitrogen. After freezing, the crystals were transferred to the Stanford Automated Mounting robot cassette (29) and screened for diffraction quality.
X-ray diffraction data were collected at SSRL on beam line 9-2 using the Blu-Ice data collection suite (30) . Crystal annealing was conducted as described for the 1.85 Å native ToMOH structure determination (14); however, different annealing times were investigated, ranging from 1 to 10 s, at 1 s intervals. Diffraction data were integrated and scaled in HKL2000 (31) .
Structure Determination and Refinement. Molecular replacement phasing of the xenon PHH-PHM data was accomplished by using EPMR (32) and 2.3 Å resolution native PHH-PHM coordinates (PDB code 2INP) (16) in which all non-protein atoms and the side chains of the iron coordinating ligands were removed in the starting model. Phasing was additionally conducted using the above-described model lacking the coordinates for PHM. After phasing, subsequent models were built in Coot ( CAVER analysis with these parameters, following deletion of all non-protein atoms from the structure coordinate list. In the case of the PH analysis, the protomer not bound to PHM in the PHH-PHM structure, hereafter referred to as protomer A, was chosen to represent PHH in the absence of PHM.
Conversely, the protomer bound to PHM, hereafter referred to as protomer B, was analyzed for information about PHH in the presence of bound regulatory protein.
RESULTS AND DISCUSSION
Crystallization, Xenon Pressurization, and Data Collection. PHH crystals formed in 2 -3 days.
Among crystals subjected to xenon pressurization and diffraction screening, the best quality data came from one that crystallized from 150 mM Na 2 MoO 4 ⋅2H 2 O, 100 mM Tris HCl pH 7.0, 5% (v/v) glycerol, and 19% PEG 8,000 (w/v), was pressurized with xenon for 5 min, and was subjected to a 2-s annealing time. Diffraction data collection statistics are reported in Table 1 .
Structure Determination and Coordinate Refinement. Global folds for the α-, β-, and γ-subunits of the Xe-PHH dimer ( Figure S1 ) are essentially identical to that for the hydroxylase component of the previously reported PHH-PHM structure (16) , with the exception of the conformational changes observed for helices E and F in the protomer B α-subunit (vide infra). Structural alignments with the PHH-PHM coordinates indicate C α -to-C α RMSDs of 0.74 Å for the hydroxylase and 0.26 Å for the protomer B α-subunit alone. Refinement statistics for Xe-PHH are reported in Table 1 .
There is Little Regulatory Protein Binding to the Hydroxylase in this Structure. Hydroxylaseregulatory protein complex formation is required during BMM catalysis (27, 39) , and causes structural changes in the vicinity of the diiron center and reductase protein-binding surface of the hydroxylase that are discussed elsewhere (2, 16, 20) . The previously reported structure of PHH contained the PHM regulatory protein bound to protomer B with an estimated 40 -50% occupancy and with zero occupancy on protomer A (16) . Protein used in the present work was isolated and purified from the same cell extracts, and it crystallized in the same space group determined in the previous PHH-PHM structure analysis to yield isomorphous crystals. The Xe-PHH data were therefore phased by molecular replacement using the hydroxylase-regulatory protein complex. The resulting 2F o -F c composite omit maps in the case of Xe-PHH, however, indicated significantly less electron density at the PHM binding site than in that of the previously reported PHH-PHM complex. It was therefore quite difficult to model bound PHM into the electron density of the Xe-PHH structure, and attempts to do so consistently resulted in poor protein backbone and side chain geometry for the regulatory protein, even after multiple rounds of model fitting and refinement. The final refinements were therefore carried out omitting the regulatory protein altogether, which afforded statistics that were significantly better than those obtained with the regulatory protein present. The refined dimensions of the hydroxylase-only Xe-PHH unit cell are notably smaller than those of PHH-PHM and result in a 12% decrease in unit cell volume with respect to the regulatory protein containing structure. The difference in unit cell volume reflects the lack of partial PHM occupancy for Xe-PHH. Moreover, detailed inspection of the fully-refined Xe-PHH α-subunits revealed that the model exhibited virtually none of the structural features attributed to regulatory protein binding in the X-ray structures of PHH-PHM (16) and T4MOH-T4MOD (13) complexes. Most significant were the conformations of the iron-ligating α-subunit helices E and F compared to those of the BMM hydroxylase-regulatory protein complex structures. In PHH-PHM and T4MOH-T4MOD, the π-helical region of the regulatory protein bound α-subunit helix E is extended, an effect ascribed to regulatory protein binding. Shifts in the position of α-subunit helix F were also noted in the PHH-PHM structure. In the structure of Xe-PHH, however, no such alterations in the E or F helices occurred for either protomer. We therefore conclude that any effects of PHM binding in the Xe-PHH structure are marginal at best, and we proceeded in our analysis without PHM coordinates included in the structure model.
Metal Binding in Xe-PHH.
The diiron centers in Xe-PHH ( Figure S2 ) have metrical parameters similar to those of the PHH-PHM complex (16) and resemble that of mixed-valent MMOH (9) . There is a notable absence of solvent-derived ligands bound to the iron atoms. In the Xe-PHH structure, however, there is evidence for a presumably deprotonated glycerol molecule bound exclusively to Fe1
in both protomers and in place of a terminal water molecule on Fe1 that was located in the previous structure (16) . The glycerol assignment is strongly supported by the 2F o -F c composite omit electron density ( Figure S3 ). The resulting hydrocarbon coordination mode is unlike that encountered previously in any BMM hydroxylase. All prior structures of alcohol bound BMM hydroxylases contained an asymmetrically bridged hydrocarbon (7, 11, 15) . The significance of this finding with respect to substrate binding to the enzyme is unclear at present.
The Xe-PHH structure contains a presumed structural zinc site in the α-subunit near its interface with the β-subunit (Figures S4 and S5) . As in the previously reported PHH-PHM structure (16) , the zinc atom is in a nearly perfect tetrahedral environment composed of four cysteine sulfur atoms with 2.2 -2.4 Å Zn-S bond distances that are typical for such units.
In addition to the diiron and zinc sites in Xe-PHH, we could identify a third metal-binding site in the structure, at the surface of the α-subunit near the dimer interface ( Figure S6 ). This single-atom binding Xenon Atom Binding Sites in Xe-PHH. Twenty-four xenon atoms, twelve in each protomer, were located in the structure ( Figure S1 ), including fourteen in the MMOH-like hydrophobic cavities (Table   S2 and Figure 1 ). Their refined occupancies range from 0.3 to 1.0 with an average of 0.8 (Table S2 ). In cases where the occupancy refined to a value greater than or equal to unity it was subsequently fixed at 1.0 and the B-factor was allowed to refine. Magnified images of the ten xenon-binding sites located in the α-subunit of Xe-PHH protomer B are shown in Figure 2 . Distances between the xenon atoms in the hydrophobic cavities and the active site iron atoms are listed in Table S3 .
As is typical for a xenon-bound protein structure, (42) most of the residues that comprise the various binding sites have hydrophobic side chains and are positioned 3.5 -4.5 Å from the bound xenon atom (Table S2 and Figure 2) . A notable trend in the occupancies of the xenon atoms bound to the hydrophobic cavities is a significant decrease with increasing proximity to the buried diiron center (Table S2 ). Since Xe presumably enters the cavities from the protein exterior, this trend is that expected in the absence of a driving force, such as O 2 consumption, toward the active site. Of possible relevance is the lack of ordered water molecules observed at or near the xenon-binding sites in the structure of PHH lacking exposure to pressurized xenon (16) . Figure 5 ). Also apparent in the images is conservation of the relative orientations of the cavity and pore access pathways with respect to the diiron center (grey spheres) and putative electron-transfer hydrogen-bonding network (yellow residues) (2, 15, 16, 20) . A large majority of the residues contributing to the interior surfaces of the cavities, as labeled in the figures, are hydrophobic, with few polar side chains facing inward.
Comparison of individual cavities one (green), two (cyan), and three (magenta) in the three hydroxylase proteins indicates that (1) cavity one is considerably larger in PHH than in MMOH or ToMOH (Figures 3 -5 , green); (2) cavity two is similarly sized and isolated from cavities one and three in all three hydroxylases (Figures 3 -5 , cyan); and (3) cavity three is largest in MMOH and solventrestricted whereas in PHH and ToMOH it is smaller but solvent-accessible (Figures 3 -5 , magenta).
Considering that the structures and hydrophobicity of these cavities are conserved without strict conservation of the contributing residues, together with the fact that they bind xenon in MMOH (10) and PHH, is consistent with their postulated function in dioxygen transport in all three BMM systems (14, 22) and possibly for methane transport in MMOH (4, 5) . This theory is further supported by a recent site-directed mutagenesis study of ToMOH in which dioxygen migration rate constants are diminished or increased in mutants with modified cavity sizes (22) .
A comparison of the pore regions (Figures 3 -5 , orange) reveals that the residues contributing to its surface are relatively polar and highly conserved with respect to those constituting the other pockets.
Specifically, the pore access pathway in all three hydroxylases includes a strictly conserved active site pocket threonine (PHH T203; MMOH T213; ToMOH T201) that is required for catalysis (43), a strictly conserved surface asparagine (PHH N204; MMOH N214; ToMOH N202) that undergoes a rotamer shift upon reduction of the active site metal ions in MMOH (8, 9) and ToMOH (14) and forms a hydrogen-bonding interaction with the regulatory protein in the PHH-PHM complex (16), as well as conserved surface glutamine/glutamate (PHH Q230; MMOH E240; ToMOH Q228) and iron-ligating glutamate (PHH E233; MMOH E243; ToMOH E231) residues that also change conformation upon reduction of the active site in MMOH (8, 9) and ToMOH (14) (Figure 6 ). In all cases the remaining residues that contribute to the pocket space are hydrophobic. The fact that conserved and conformationally flexible residues contribute to the pore surface suggests that redox activity at the active site is linked to its accessibility during catalysis. These observations suggest that the function of the pore may be to effect the translocation of protons into the BMM hydroxylase active site cavity as required for proton-coupled electron transfer (20) and/or dioxygen activation (43) (44) (45) . In the case of PHH, its relatively large and open pore ( Figure 6 ) may also facilitate substrate access and product egress, given the absence of a ToMOH-like channel (15, 16) . Such a polar substrate access route is expected in PHH because of its preference for phenolic substrates (1).
The channel in ToMOH ( Figure 5 , grey) abuts cavities one and two and then extends toward the protein surface. This channel closes down upon binding of the regulatory protein, as indicated by a structural study of the hydroxylase-regulatory protein complex characterized in the cognate toluene-4-monooxygenase system (13) . A comparison of the analogous region of the α-subunit in PHH reveals that it is somewhat conserved and contributes to a relatively large cavity one in PHH (Figure 3 , green).
In MMOH (Figure 4 ) we also do not find a channel-like space in the analogous region of its α-subunit, but instead identify hydrophobic amino acid side chains, including those of F188, F236, and L110, projecting into the area to prevent the formation of one. These observations about the channel in the context of the substrate specificities of PHH, ToMOH, and MMOH suggest that it may have evolved in four component hydroxylase systems to accommodate more polar hydrocarbon substrates, but not in the other two systems to limit active site solvent access and thus protect the integrity of higher energy intermediates formed during dioxygen activation (22, (43) (44) (45) . As mentioned above, the channel is closed upon complex formation with the regulatory protein in T4MO (13) .
Sequence alignment of various BMM α-subunits, summarized in Figure S7 , indicate conservation in the hydrophobicity of residues contributing to the xenon-binding sites in Xe-PHH, suggesting that similar hydrophobic pockets capable of binding xenon, as a surrogate for dioxygen, are present within hydroxylases throughout the entire enzyme class. Mutagenesis studies for the ToMOH system strongly support this conclusion (22) .
CAVER Analysis of BMM Hydroxylase Pockets. Substrate access calculations with CAVER (25) for
the PHH-PHM structure (16) reveal that (1) there are three potential routes of molecular access from the protein surface to the diiron center in the α-subunit of PHH; (2) the route exhibiting the largest cross section is the pore region, which changes in length and trajectory in the presence of PHM; and (3) all three determined pathways are conserved among known BMM hydroxylase α-subunit structures. These features are detailed in Figure 7 . The substrate access route in PHH with the greatest cross section is the pore region, with a diameter of 2.8 Å at its narrowest point near T203, F207, and E233 (Figures 3 and   7A , orange). A pathway through the hydrophobic cavities of PHH charts a second route, which is narrowest at 2.2 Å near P106, H166, and Q113 (Figures 3 and 7A, magenta) . This pathway contains the most xenon atoms in the structure of Xe-PHH (vide supra). The third and most constricted path identified in PHH wraps around the protein interior alongside helix E and exits between helices E and H ( Figure 7A , gray), tracing a pathway similar to the channel in the ToMOH ( Figures 5 and 7D , gray) and T4MOH (13) structures. In the presence of PHM, the trajectories of the pore and channel deviate significantly ( Figure 7B ). The pore exit opening is almost completely blocked by the regulatory protein where bound, causing the calculated trajectory to shift around the four-strand beta sheet of PHM toward the γ-subunit of protomer B to which the regulatory component is bound ( Figure 7B, orange) . The alteration in this pathway lengthens the pore trajectory by approximately 12 Å, but does not expand or contract its narrowest cross section. Noteworthy about the change in this pathway is that the trajectory shift and lengthening begins at the point of the previously noted hydrogen-bonding interaction between residues PHH N204 and PHM S72 (16) . The channel trajectory is similarly forced to lengthen, by approximately 10 Å, and shift toward the γ-subunit in the same direction as the pore trajectory ( Figure   7B , cyan). The effects on both the pore and channel trajectories are exaggerated by the conformational shift in helix F that occurs in conjunction with regulatory component binding to the hydroxylase (16) .
Comparing these results to those obtained from a similar analysis of the MMOH (PDB code 1MTY)
and ToMOH (PDB code 1T0Q) α-subunits reveals additional insight regarding substrate access in BMMs ( Figure 7C and 7D, respectively). Most notably, the pore, hydrophobic cavity, and channel pathways calculated by CAVER for PHH are also observed in MMOH and ToMOH. The results indicate that access to the active site by the pathway delineated by a channel in ToMOH (15) , or the open-pore in PHH (16), is not entirely unique to those systems. The relative sizes of each structural feature reveal new similarities and differences between the crystallographically characterized hydroxylases. In both PHH and MMOH, for example, the pore pathway ( Figure 7A and 7C, orange) represents the most accessible route to the active site cavity, whereas the channel pathway ( Figure 7A and 7C, gray) is the most restricted. Accordingly, the MMOH pore pathway is narrowest near E243, E114, and T213, with a diameter of 2.4 Å (Figure 7C, orange) . Conversely, the channel in ToMOH ( Figure 7D, gray) is the most open pathway observed among all calculated diiron center access routes, with its narrowest cross sectional diameter being 3.2 Å, near F293, D211, and M277. This volume is considerably larger than the analogous channel in PHH ( Figure 7A, gray) , or that in MMOH ( Figure 7C, gray) , the latter of which measures 1.6 Å in diameter at its narrowest dimension, near F290, W308, and W301.
When considering these results it is important to remember that the angstrom diameters of the crosssectional pathways calculated by CAVER must be viewed only in relation to one another and not as absolute volumes. Instead they represent statistical averages for the diameters adopted in the crystalline state of the protein and invariably expand to yield larger cross sections in solution as a result of protein breathing motions. Relevant insights into this breathing phenomenon are provided by computational work on a variety of proteins of differing size, fold, and function, and under different temperatures and conditions (46) . Results from this study indicate that, at protein concentrations typical for laboratory solution work and in cellular environments, the interatomic distances that separate secondary structural elements increase by 1.0 to 1.5 Å as a result of the protein breathing vibrational modes, without perturbing the native fold of the macromolecule or inter-residue hydrogen bonds. Because the BMM α-subunits are almost entirely α-helical in secondary structure, it is reasonable to assume on the basis of the theoretical work that the relative cross-sectional sizes of the various pockets calculated through CAVER analysis are maintained, but expand considerably larger than the actual numeric values provided.
CONCLUSIONS AND PROSPECTS
Pockets in protein structures usually fall into one of two classes, functional or adventitious, both of which are a consequence of protein fold. Early crystallographic work on MMOH revealed the presence of a series of hydrophobic cavities leading through the α-subunit from the protein surface to the active site pocket (5). These cavities have since been further examined crystallographically by analyzing product (11) and product-analog (7) bound structures as well as two Xe-pressurized structures (10). The results suggested that the hydrophobic cavities in MMOH might constitute the route of methane access to the diiron site during catalysis and are in fact not an adventitious consequence of imperfect folding.
The present analysis is perfectly consistent with this conclusion, given the similarities in size and neutrality of CH 4 and O 2 . Subsequent structures of ToMOH (14), T4MOH (13) , and PHH (16) have identified homologous hydrophobic cavities in their respective α-subunit interiors. In contrast to MMOH, however, these structures revealed additional, solvent-exposed molecular access routes to the diiron center; a 40-Å long channel in ToMOH (15) and T4MOH (13) , and a 12-Å deep open-pore leading to the active site cavity in PHH (16) . ToMOH has also been crystallographically characterized with molecules of bromophenol bound to the interior of its 40-Å long channel, suggesting a possible route of hydrocarbon transport in that system (15) .
The pore in PHH traces the shortest solvent accessible path to the diiron center in any BMM hydroxylase. Situated directly between the two surface exposed iron-ligating α-helices and lined with polar residues, the pore is large enough to accommodate one-ring aromatic compounds and may represent the route of active site hydrocarbon access in the PH system (16) . Similar but considerably more constricted pore-like regions occur in MMOH (5), ToMOH (20) , and T4MOH (13), which vary in size and morphology in the presence of bound product analogs, with the oxidation state of the active site metal ions, or upon hydroxylase-regulatory protein complex formation (7-9, 13, 14) .
Results from the present 1.95-Å resolution structure determination of Xe-PHH reveal hydrophobic gas binding sites within a series of highly conserved hydrophobic cavities in the α-subunit. They recapitulate our previous findings about the structure of the PH hydroxylase protein and geometry of the metal-binding sites and provide evidence to support the hypothesis that the conserved hydrophobic cavities in BMM hydroxylases are the route of dioxygen transport to the catalytic diiron center.
Credence for this assignment also derives from the recent structural work on T4MOH and the T4MOH-T4MOD complex, which indicates a closed channel in the hydroxylase-regulatory protein complex but unaltered hydrophobic cavity access, which would allow the system to remain oxygen saturated for catalysis but simultaneously solvent limited such to maintain the integrity of the active site intermediates required for substrate oxidation. (13) Functional studies of dioxygen activation in ToMOH variants provide additional strong support for the conclusion that O 2 accesses the diiron center through the hydrophobic cavities. (22) Among the xenon binding sites observed in PHH, more than 80% are localized entirely within the α-subunit ( Figure S1 ), and 70% of those occur in the hydrophobic cavities, despite the fact that the α-subunit comprises only 54% of the total hydroxylase molecular weight. According to our sequence alignments, the hydrophobicity of a large majority of side chain residues contributing to the xenon binding sites in the PHH α-subunit are conserved among BMMs ( Figure S7) . Moreover, the structures of xenon-bound MMOH are similar ( Figure S8 ). These observations strongly implicate the hydrophobic cavities as functional rather than a physical consequence of protein folding. The similarities in size, hydrophobicity, and polarizability of xenon and dioxygen (Table S1 ) suggest that the xenon sites delineate the path of dioxygen transport to the diiron center during catalysis. This concept extends back to early high-resolution crystallographic studies of small molecule binding in the interior of myoglobin where various small molecules and hydrophobic gasses, including the dinitrogen, were found to occupy the same binding sites as xenon (47) . Countless examples of xenon as a crystallographic probe for dioxygen and other small gas binding to protein pockets have subsequently been reported. Relevant examples include xenon as a probe for dioxygen translocation in copper amine oxidase (48) and 3-hydroxybenzoate hydroxylase (49) , and carbon monoxide transport between the two catalytic sites of a bifunctional carbon monoxide dehydrogenase/acetyl-CoA synthase complex (50) .
If the hydrophobic cavities in BMMs are the route of dioxygen access to the diiron centers, the question then arises of how the remaining three substrates (electrons, protons, and hydrocarbons) access the active site cavities. Considering the level of conservation in the surface-to-diiron center hydrogen bonding network in the BMM hydroxylase α-subunit, and its similarity to empirically established electron-transport pathways in ribonucleotide reductase R2 subunit (17) and steroyl-acyl carrier protein
, it is probable that electrons reach the diiron center via that network in BMMs as well (Figures 3-6 , yellow residues). Similarly, the observation of strictly conserved polar residues and available molecular access pathways in the pore region of the hydroxylase protein structures ( Figure 6 ) leads us to believe that a through-pore route provides for proton transfer from bulk solvent to the diiron center. Additional support for this theory, and consistent with evidence suggesting coupled electron-and proton-transfer events in BMM catalysis (20) , is our previous observation that multiple residues in this region change conformation with the oxidation state of the active site metal ions (2, 4-6, 8, 9, 14) .
Moreover, recent results from kinetic studies of dioxygen activation in ToMOH T201 variants demonstrate a critical role for the strictly conserved pore threonine residue in proton translocation (43) .
Regarding hydrocarbon substrate and product transport in BMMs other than MMOH, one possibility is that these functions are accomplished using surface-to-active site pathways that are not fully conserved in the α-subunit structures, such as the channel in ToMOH and the open-pore in PHH, which provide access routes that are tailored to the substrate preference of the particular hydroxylase. MMOH
would not require an additional access pathway because its preferred substrate, CH 4 , is a hydrophobic gas like dioxygen and could therefore use the same access pathway. This conclusion is consistent with the fact that all BMMs appear to have evolved from a common ancestor (3), as well as the notion that the PHH open-pore and ToMOH channel pathways were introduced into these BMM hydroxylase α-subunit structures to accommodate their natural aromatic substrates during that evolution. Furthermore, this process may have occurred in exchange for the loss of some oxidizing power in the oxygenated diiron intermediates, perhaps as a result of increased active site solvent exposure, to result in systems fit to initiate aromatic substrate metabolism but not capable of oxidizing methane as observed in activity and substrate specificity studies of BMMs (2, 20) .
These conclusions are consistent with results from the present Xe-PHH structure and computational analyses and accordingly provide a more tangible work model for substrate access in BMM hydroxylase structures.
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